Carbamide peroxide (CP) is widely used as a tooth-whitening agent in self-administered tooth-bleaching products. In this study, the effects of 5% and 10% CP on dentinal collagen structure and chemical properties were evaluated in vitro. Thirty-five intact teeth were exposed to 2 whitening protocols (2 or 4 h daily) with either 5% or 10% CP gel for 1 wk. Shade changes before and after the whitening protocol were captured colorimetrically using a spectroshade. Collagen scaffold models and demineralized dentine disc samples were prepared and exposed to CP droplets (5% or 10%). Structural changes were investigated using electron microscopy. Finally, mineralized dentine disc samples were prepared postbleaching to assess chemical changes resulting from CP exposure in dentinal collagen using Raman spectroscopy. Results showed a difference in tooth shade when exposed to 5% and 10% CP whitening protocols, with a significantly (P ≤ 0.01) greater change reported for the 10% CP/4-h group. Imaging of the collagen scaffold model following exposure to CP showed a gelatinization process indicating that the free radical by-products from CP are able to disrupt the quaternary structure of noncrosslinked collagen. The most significant damage on the collagen scaffold was seen for the 10% CP exposure for 4 h. Imaging of the demineralized discs displayed the same glassy amorphous layer appearance as found in the collagen scaffold. Raman spectra of the mineralized dentine discs showed a significant decrease (P ≤ 0.01) in the integrated area of amide I and amide III values in the 4 test groups following CP application. Amide I was more affected as both the exposure time and concentration of CP increased. Despite the claimed safety of whitening agents, this in vitro study concludes that even low concentrations of CP result in a deleterious change in dentinal collagen.
Introduction
With the great emphasis on dental aesthetics, the popularity of home dental whitening has increased extensively in recent years. Although the first report on vital tooth whitening dates back to 1848 with the use of chloride of lime (Dwinelle 1850) , the contemporary demand for whiter teeth has driven the development of numerous methods and products available. Among these is carbamide peroxide (CP). The use of CP for home teeth whitening was first reported by Haywood and Heymann (1989) as a 10% gel delivered via a custom fabricated appliance. Carbamide peroxide (CO(NH 2 )H 2 O 2 ) is an organic white crystalline compound formed by urea and hydrogen peroxide (Toledano et al. 2011) . It is also known as urea peroxide, urea hydrogen peroxide (UHP), ortizon, and per carbamide.
On contact with teeth, CP breaks down into hydrogen peroxide (HP) and urea, with the former being the active ingredient. The mechanism of tooth whitening is dependent on the penetration of the released peroxide free radicals through the enamel and into the dentine (Hanks et al. 1993; Elfallah et al. 2015; Kwon and Wertz 2015) . It is understood that the free radicals subsequently break down the dentine chromogenic molecules into smaller structures or alter their optical properties, leading to the removal of stain appearance. Both the initial concentration of the peroxide and the duration of application are the 2 main factors in determining the overall tooth-whitening efficacy of peroxide-containing products (Joiner 2006 ). Indeed, the higher the concentration and the longer the application time, the whiter the outcome. However, besides obtaining the desired change in the tooth's color, it would seem appropriate to evaluate the impact of these concentrations and application times on the tooth structure (Soares et al. 2014) .
One of the main components of tooth structure is dentine. Dentine itself is a hierarchical composite, consisting of ~70 wt% apatite, with the remainder being mostly collagen and water (Goldberg et al. 2011) . Structurally, dentine can be described as a composite of nanocrystalline hydroxyapatite (HA) platelets (~5 nm thick), embedded in a softer, highly organized collagen-fibril scaffold. At the mesoscale, these mineralized collagen fibrils are organized radially about hollow or proteinfilled tubules (1 to 2.5 µm in diameter) that radiate from the pulp cavity to the dentin surface. This network of tubules provides routes for the transport of fluids, ions, and molecules into the dentinal material. The physical properties of dentine are conferred by the composite arrangement of HA and collagen. Subsequently, it is prudent to evaluate the impact of the aforementioned tooth-whitening procedures on the dentine structure (Haywood 2006; Joiner 2006) .
The aim of this in vitro study was to determine the effects of CP used in tooth whitening and explore the influence of concentration and exposure time of the peroxide agent on dentinal collagen structure. Therefore, the null hypothesis investigated was as follows: carbamide peroxide whitening agent (5% or 10%) does not affect the structure of dentine collagen.
Materials and Methods

Carbamide Peroxide Gel
Commercially-available tooth-whitening kits were purchased directly from the manufacturer (undisclosed), in the form of a ready-to-use gel. Two CP gels were used with a concentration of 5% and 10%, respectively. The chemical composition of the CP gel was by %w/w: Urea 1.60 Sodium tripolyphosphate 2.00 Hydrogen peroxide 35% 7.00 Caustic soda 7.50 Carbopol 8.00 Glycerine 36.45 Minors(Sodium fluoride, Postassium nitrate and Fragance) 0.90 Deionised water to 100. The pH is adjusted to c. 6.5.
Noncrosslinked Collagen Scaffold Model
Collagen (First Link) scaffolds were prepared using a developed standardized protocol (Cheema and Brown 2013) . Subsequently, the scaffolds were physisorbed onto glass microscope slides before being exposed to 5% and 10% CP for 4 h.
Collection of Tooth Samples
A total of 38 intact human premolars and third molars extracted for orthodontic reasons (age group 14 to 21 y) were collected for this study under ethical approval (study number 1703) from UCL Eastman BioBank. Informed patient consent was sought for each tooth used in this study. Following extraction, the teeth were initially stored in a 70% ethanol solution for up to 5 d at room temperature before being debrided from remaining soft tissues and finally stored in a 0.1% thymol solution at 4°C until required for the study (storage did not exceed 2 mo). The sample size was calculated in G* Power 3.1.9.2 using power of 80% (0.8) and α error probability of 0.05 by estimating the required effect size (from Raman spectra) in a pilot study. The 35 teeth collected were split randomly in 5 treatment groups of 7 samples (control, 5% CP/2 h, 5% CP/4 h, 10% CP/2 h, and 10% CP/4 h).
Preparation of Tooth Samples
Demineralized dentine discs. Three teeth were sectioned transversely at the mid-coronal level to obtain 3-mm-thick disc samples using a diamond microtome (Struers, Accutom-50; Struers Ltd.). To expose the dentinal collagen, these discs were immersed in 37% phosphoric acid in a sonic bath for up to 15 s (Han et al. 2017) , followed by 2 min in distilled water and then air-dried. The level of demineralization was carefully monitored using attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy through the ratio of amide I to phosphate peak (data not shown). The ratio of amide I and III bands was also monitored to ensure that the dentinal collagen was not affected by the acid demineralization process. Then, the discs were exposed to a droplet of either 5% or 10% CP for 4 h in a delineated area, whereas the rest of the surface of the unexposed disc served as control.
Mineralized dentine discs. Thirty-five tooth samples were coated in nail varnish except for a window of 5 × 5 mm on both the buccal and lingual/palatal surfaces, to be exposed to CP (Fig. 1) .
Tooth-whitening protocol. The tooth samples were randomly assigned to 3 groups: control and 2 groups exposed to 5% and 10% CP, respectively. A pilot study comparing placebo gel versus artificial saliva (AS) yielded no significant difference. For clinical relevance, AS was used for the control group. The CP groups were further divided into 2 subgroups (n = 7) to accommodate for 2 different exposure durations. Exposed buccal enamel windows for the test groups were treated with CP gel at either 5% or 10% concentrations for 2 or 4 h daily over a 1-wk period. The CP gel was washed off the tooth surface at the end of each exposure using deionized water. The samples were kept at 37°C immersed in AS (McKnight-Hanes and Whitford 1992) during the entire whitening protocol.
After the whitening protocol. Following the tooth-whitening protocol, the teeth were transversely sectioned at the midpoint of the buccal window, which corresponded to the area where CP had been applied, into 3-mm-thick discs using a diamond microtome (Struers, Accutom-50; Struers Ltd.). This allowed exposure of the dentine surface and pulp, buccolingually, for Raman analysis (Fig. 1a) . The surface of the discs was then polished by Struers Labopol 5 (Struers Ltd.) using 2400 grit and diamond polishing paste (Diapro; Struers Ltd.). A reference scalpel line corresponding to the CP application was created on the polished surfaces to enable identification of 4 different locations across this transverse line buccolingually (Fig. 1b) . To remove the smear layer, the discs were ultrasonicated in deionized water for 10 min.
Color Measurement
A Spectroshade (MHT Optic Research AG) was used to determine the shade before and after the tooth-whitening protocols, prior to disc preparation. The instrument was calibrated prior to shade measurements. By measuring the CIE L*a*b* values, the overall color difference before and after exposure (ΔE) was calculated per the following expression (Commission Internationale de l'Eclairage 1978; Lima et al. 2018) :
For the spectroshade measurement, each treatment group (5% CP/2 h, 5% CP/4 h, 10% CP/2 h, and 10% CP/4 h) was assessed pre-and posttreatment. The pretreatment assessment acted as a control measurement to evaluate the change of color.
Raman Spectroscopy
Raman spectra of the prepared mineralized dentine discs were obtained with a confocal Labram 300 spectrophotometer (Horiba Jobin Yvon). The spectra were recorded along the transverse reference line at 4 locations (Loc1: 1 mm away from the buccal dentin-enamel junction [DEJ], Loc2: 1 mm away from the buccal pulp, Loc3: 1 mm away from the lingual pulp wall, and Loc4: 1 mm away from the lingual DEJ) (Fig. 1) . Raman spectra of both intertubular and peritubular dentine were recorded. For each location, 3 spectra for each type of dentine were recorded before being averaged. All the spectra were baseline corrected and normalized to the carbonate peaks of the control group present at 1,072 cm -1
. Subsequently, the areas of amide I (1,610 to 1,710 cm -1 ), amide III (1,220 to 1,300 cm -1 ), and phosphate (960 cm -1 ) bands were integrated. The data were then exported for graphing and analysis to OriginPro 9.0 (OriginCorp).
Protocol for Scanning Electron Microscopy
Following their exposure to CP, the collagen scaffolds and the demineralized dentine discs were fixed in 3% glutaraldehyde (Agar Scientific) in 0.1 M cacodylate buffer for 24 h. Samples were dehydrated in an ethanol series (20%, 50%, 70%, 90%, and 100%) each for 15 min before air-drying. Samples were mounted on stubs before sputter coated on a Polaron E 5000 (Quorum Technology) with gold. These were imaged using a Philips XL30 FEG-SEM (FEI), with an acceleration voltage of 5 kV. Contrast and brightness were optimized for each image.
Statistical Analysis
One-way analysis of variance was conducted to assess the significance in color change between the groups after exposure to CP followed by post hoc analysis (Bonferroni test) to evaluate ΔE values. For Raman data, the Kruskal-Wallis test was used to assess the spectroscopic impact of CP on dentinal collagen as a function of concentration and exposure time, whereas a Friedman test was used to evaluate the same output for the locations across the buccal and lingual regions, respectively. All statistical analyses were performed using SPSS statistical software package (SPSS, Inc.). All spectra were plotted using Origin Pro 9.0 (OriginCorp).
Results and Discussion
Colorimetric Assessment of the Efficacy of CP as a Whitening Agent
Home tooth-whitening kits have the sole purpose of improving tooth color. The concentration of peroxide present in 5% and 10% CP is usually relatively low. Although there have been a number of studies showing the efficacy of such peroxide concentrations to lighten the color of the teeth (Meireles et al. 2008; Rao et al. 2016; De Geus et al. 2018) , it was necessary to ensure that the commercial products used in this study performed accordingly. Thus, this initial efficacy study tested the 2 CP concentrations (5% and 10%) applied over a 2-or 4-h period for 1 wk as recommended by the manufacturer's instructions. The shade (L*, a*, and b* values) of 28 teeth was recorded before (baseline) and after the whitening protocol (previously described) and the change in ΔE calculated. As an example, a sample taken from the 10% CP/4-h group presented a change in shade: ΔE = −4.1, whereas a sample taken from the 5% CP/4-h group presented a change in shade: ΔE = +0.6, as shown in Figure 2 . The overall outcome was a significant difference in the calculated ΔE between pre-and post-CP exposure for the 10% CP/4-h group (P ≤ 0.01), whereas there was no significant difference for the other groups. Similar findings were reported by Sulieman et al. (2006) . This outcome is likely due to the short period of application (1 wk) in our study. In comparison, other studies have reported a change in color when using 5% CP following a 3-wk application period, for example (Leonard et al. 1998 ). Nevertheless, while whitening efficacy, in this study, was demonstrated for the 10% CP/4-h group only, it is not clear whether the other whitening protocols may induce changes in the dentine components.
Effect of CP on the Collagen Scaffold Model and Demineralized Dentinal Collagen
The main reason for CP to be used for tooth whitening is that it decomposes into hydrogen peroxide (H 2 O 2 ) and urea (CO(NH 2 ) 2 ). A 10% CP concentration decomposes into ~3.5% HP and 6.5% urea. Of these 2 chemical compounds, HP is the most active as it has the potential of releasing free radicals. Coupled with its low molecular weight, which enables its diffusion through the organic matrix of the tooth, HP holds the potential of affecting any free radical sensitive components of the dentine structure, especially proteins (Kou and Takahama 1995; Walsh 2000) .
Collagen is the most abundant protein in dentine. To evaluate the possible effect of CP on dentinal collagen, the impact of CP on both a noncrosslinked collagen model scaffold (Fig.  3a) as used for tissue engineering (Neel et al. 2013 ) and on demineralized dentinal collagen (Fig. 3b) was investigated. Figure 3a -i presents a hydrated collagen scaffold with selected area as nonexposed to CP, exposed to a CP droplet (5% CP/4 h), or exposed to a CP droplet (10% CP/4 h). A front of collagen degradation can be observed radiating away from the initial droplet, as presented in Figure 3a -i, for the 2 areas exposed to CP. This front of degradation is reminiscent of a gelatinization process in which the fibrils are losing their shape/banding periodicity and morphing into a glassy amorphous layer (Bozec and Odlyha 2011) denoted by the star in Figure 3a . This gelatinization process becomes more evident at higher magnification ( Fig. 3a- iii, a-iv) when compared to the nonexposed collagen in Figure 3a -ii. Close to the gelatinization front, the fibrils lose their D-banding periodicity and become more swollen in appearance, which is clear evidence of structural and chemical degradation. This result suggests that CP is able to disrupt the quaternary structure of noncrosslinked collagen in vitro.
However, as dentinal collagen is naturally crosslinked, dentinal collagen should be more chemically stable and more resilient to chemical assaults by free radical by-products. To test this, demineralized dentinal collagen was also exposed directly to CP gel (either 5% or 10%) for 4 h. Figure 3b -i presents a mesiodistal cross section of a demineralized dentine surface with an area exposed to a 10% CP droplet. The dentinal collagen not exposed to the CP holds its native fibrillary form (Fig.  3b-ii) , organized concentrically around the dentinal tubules. However, the collagen affected by the CP displays the same glassy amorphous layer appearance (Fig. 3b-iv) as found in the collagen scaffold, illustrating that even crosslinked collagen can be affected structurally by CP. Similar to what was observed for the collagen scaffold model, a front of degradation can be observed beyond the edge of the CP droplet, as displayed in Figure 3b -iii. It is interesting to note that Jiang et al. (2018) suggested that HP would bleach normal dentin mainly by oxidizing dentine phosphoproteins (DPPs), which are the main noncollagenous protein in dentine. As such, it is likely that HP would also affect collagen as reported elsewhere (Jiang et al. 2007; Plotino et al. 2008; Lopes et al. 2018) and is confirmed in our findings. Exposed or nonmineralized collagen found within native dentinal tubules could be directly or indirectly affected by the use of CP as part of the tooth-whitening process. However, intertubular dentine is mineralized, and the impact of CP on mineralized dentinal collagen can be observed spectroscopically by Raman spectroscopy.
Evaluation of the Impact of CP on Collagen in Mineralized Dentine
As demonstrated previously (Bakker Schut et al. 2000; Ko et al. 2005; Ramakrishnaiah et al. 2015) , Raman spectroscopy can be used as a noninvasive method to detect the chemical composition of mineralized dentine. In our study, we used this approach to monitor the impact of CP on the chemical fingerprint of mineralized dentine. Figure 4a shows the Raman spectrum of a control dentine sample with the following 4 Raman bands of interest for our study: strong phosphate band ν1 at 960 cm -1 , strong carbonate peak ν1 at 1,072 cm -1 , amide III band doublet at 1,245 and 1,268 cm -1 , and amide I band at 1,640 cm -1 (Tsuda et al. 1996) . Figure 4b , c presents the integrated areas of the amide I and III bands, respectively, at the specific locations across the buccal-lingual axis on control dentine cross-sectioned samples. There was no significant difference (P > 0.05) of the dentine organic components (amide I and amide III) for the controls at the different locations. These measurements were repeated on the test samples exposed to either 5% or 10% CP concentration for 2 or 4 h (Fig. 5) . The Raman spectra showed a significant decrease (P ≤ 0.01) in the integrated area of amide I and amide III values in the 4 test groups (Fig. 5a, b) . In all groups, the measurement location nearest to the site of CP exposure (Loc1) was the most affected (decrease in both amides I and III), while the measurement furthest from exposure site was the least affected (Loc4). These results support the fact that peroxide and free radicals are able to diffuse through the dentine from one exposure window. In addition, amide I is progressively affected as both the exposure time and concentration are increased. In comparison, the effect (a) Schematic of a collagen scaffold with areas nonexposed to carbamide peroxide (CP), exposed to a droplet of 5% CP, and exposed to 10% CP. The scanning electron microscopy (SEM) images inset on (i) display the droplet on the gel as well as the front of gelatinization (denoted by *) spreading away from the droplet. Images ii, iii, and iv present higher resolution images of the control scaffold surface (ii), the boundary between the glassy gelatinized area of collagen radiating from the CP droplet (5%) and the collagen matrix presenting significant morphological degradation of fibrils (iii), and the boundary between the glassy gelatinized area of collagen radiating from the CP droplet (10%) and the collagen matrix presenting an advanced state of degradation but with collagen fibrils recognizable (iv). (b) Schematic of the tooth cross section exposed a droplet of CP (10%). SEM images ii, iii, and iv display respectively the dentine area not exposed to CP (ii), in close proximity to the droplet (iii), and immediately in the area where the droplet was deposited (iv). on amide III is similar for all the test groups except (5% CP/2-h) CP exposure. Previous analyses of the Raman spectroscopy of collagen have assigned the amide III vibrations to 2 different secondary structures: random coil and alpha or triple helix (Dehring et al. 2006; Wisniewski et al. 2007; Bonifacio and Sergo 2010) . Thus, a reduction in the overall intensity of amide III as a function of CP exposure would imply a reduction in the amount of collagen triple helices, suggesting collagen denaturation. The amide I band, however, is associated with protein contents in dentine or bone, and its reduction would imply that dentinal proteins (not just collagen) are being affected by the whitening protocol, as previously discussed. Spectra obtained in this study suggest that CP causes a change in dentine structure (Rotstein et al. 1996; Kawamoto and Tsujimoto 2004; Chng et al. 2005) . This reduction in the amide I and III bands can be attributed to the oxidative and acidic nature of CP (Basting et al. 2003; Joiner 2006 ) possibly supplemented by further collagen degradation through activation of dentinal matrix metalloproteinases in vivo (Toledano et al. 2011; Sato et al. 2013 ).
While it is not possible to physically "see" the structural impact of CP onto collagen using Raman spectroscopy, the clear reduction in the amide I and III band intensities is a clear indicator that collagen is affected by this whitening protocol. This has to be a concerning outcome, especially as there are no mechanisms for collagen to rejuvenate in the dentine, besides via the formation of secondary and tertiary dentine. The denaturation process of collagen is irreversible and would affect the tooth's overall mechanical stability. Collagen in dentine has the primary role of providing an elastic scaffold to support the harder mineralized hydroxyapatite. The loss or reduction in the collagen content would affect the elastic response of the dentine by rendering it more brittle. This may result in a greater prominence of tooth cracking, for example. As a result, the long-term effect of a regular use of such whitening peroxide-based products needs to be carefully reviewed, and end users need to be aware of their potential impacts.
Based on the outcomes of this study, the null hypothesis is rejected and concludes that collagen is structurally affected by the application of CP at either 5% or 10% in vitro.
Conclusion
Although tooth-whitening kits have become increasingly popular, their impacts on dentinal collagen cannot be underestimated. Despite confirming an improvement in tooth whitening using the 10% CP, a clear impact on the quaternary structure of the dentinal collagen was recorded for all CP concentrations and application protocols. The clear gelatinization of the collagen and the net reduction in the Raman band intensities for collagen are clear markers of the deleterious effect of CP on dentine. Within the limitation of this in vitro study, questions may be raised about the unknown long-term implications ethical nature of such cosmetic trends upon the long-term prognosis of treated teeth. Figure 5 . Box plots of the integrated area of amide I (a) and amide III (b) obtained from spectra recorded at the 4 locations of interest along the mesial-buccal axis on the exposed dentine to the various whitening protocols (5% carbamide peroxide [CP]/2 h, 5% CP/4 h, 10% CP/2 h, and 10% CP/4 h). Loc1: 1 mm away from the buccal dentin-enamel junction (DEJ); Loc2: 1 mm away from the buccal pulp; Loc3: 1 mm away from the lingual pulp wall; Loc4: 1 mm away from the lingual DEJ.
